Abstract: Objectives: To explore two different approaches to calculate average exposure in occupational cohorts using a large occupational cohort as an example. The data for occupational cohort exposed to acrylonitrile was collected and analyzed previously by NCI; outcome was lung cancer.
INTRODUCTION
Cumulative exposure is the most commonly used metric of exposure in epidemiologic studies. Another popular metric of exposure is average exposure. A recent (April 2014) Pubmed search for "cumulative exposure" in humans found 1911 items; an analogous search for "average exposure" in humans produced 631 items. While calculation of cumulative exposure is quite straightforward, the calculation of average exposure allows some choice. The two ways of averaging exposure are dividing cumulative exposure by either the length of exposure (called average intensity in the following), or by the length of employment (called average exposure in the following). The ability to separate those two approaches depends on the level of detail in the job-exposure matrix (JEM). Epidemiologists normally prefer the first approach, but when the level of information regarding exposure on a daily (or yearly, etc.) basis in the JEM is not sufficiently detailed, the second approach is often used, with the implicit assumption that length of employment serves as a proxy for the length of exposure. When workers are exposed for the entire duration of employment, both approaches yield the same result. However, when the JEM includes information on periods during employment when workers are not exposed, both average exposure and average intensity can be calculated and yield differing results.
*Address correspondence to this author at the Mailstop 8623P1200 Pennsylvania Ave NW Washington, DC 20460, USA; Tel: 703 347 8599; Fax: +1 703 347 8692; E-mail: kopylev.leonid@epa.gov Blair and coworkers [1] investigated overall and causespecific mortality (focusing onlung cancer mortality) in a large (25,460 workers) cohort of acrylonitrile workers assembled by NCI and NIOSH scientists (called the NCI acrylonitrile worker cohort below). The cohort was assembled from workers at 8 acrylonitrile production plants in the United States. The level of detail in the JEM in this study is very fine. For about 30% of workers employment history includes periods of exposure and non-exposure. The rest of the workers were either exposed or non-exposed for the entire duration of their employment. The authors evaluated more than 10 metrics of exposure including cumulative exposure and average intensity. None of the exposure metrics was a significant predictor of lung cancer mortality when using continuous exposure metrics, although in categorical analysis the highest cumulative exposure group with at least 20 years since first exposure was significantly different from the non-exposed group. Similarly, a re-analysis [2] investigated lung cancer mortality among white males only (the largest subset by sex/race), and found that cumulative exposure is not a significant predictor of lung cancer mortality. That analysis did not account for time since first exposure. It is, of course, possible that there is no relationship between acrylonitrile exposure and lung cancer mortality. However, a possible reason for lack of significant dose-response relationship could be analytical, e.g. that the appropriate metric of exposure was not found. Although the NCI acrylonitrile worker cohort has the advantage of large size, it has the significant disadvantage of young average age at the end of follow-up (mean 48.5, median 47.8 years) and comprises workers with and without sufficient latency for lung cancer to develop. Latency generally refers to the time between initial exposure to an agent of interest and the development of disease. Because lung cancer mortality (and not incidence) is the endpoint in analyses [1] and [2] , the latency here refers to the time to death from lung cancer.
This article considers comparison of the statistical fit of average intensity and average exposure to lung cancer mortality in an epidemiologic study with detailed exposure information [1] as an example. We also discuss how to compensate analytically for some of the design deficiencies of the original study by an appropriate restriction of the cohort to workers with sufficient latency for dying fromlung cancer. Influence of smoking on the results is also investigated.
METHODS

Data
We obtained individual-level data published in [1] from the NCI. Basic demographic information on the occupational cohort members was described [1] , and the exposure assessment protocol was described in detail [3] . The released data includes individual employment and exposure history, including calendar dates of start and end of periods of exposure, and yearly cumulative exposure data. Vital status follow-up was completed by the NCI through 1989 [1] ; 96% of the cohort was successfully traced. Only 8.0% of the workers (n = 2,038) had died by December 31, 1989 and death certificates were located for 1,919 workers. Deaths were coded according to the 8 th revision of the International Classification of Diseases (ICD) [4] and all 193 lung cancer deaths were coded as ICD-8 code 162.1, "malignant neoplasm of bronchus and lung". For lung cancer, a minimum of 10 years is generally considered reasonable for latency with respect to agents that act through tumor initiation and progression (e.g. [5, 6] and references therein). In our analysis, we considered the full workers cohort, but restricted the cohort to only those with at least 10 years of time since the first exposure (TSFE) as well as at least 15 years of TSFE, and looked at white males only, who constitute by far the largest subset (72.8% for the at least 10-year TSFE cohort, Table 1 ) of the cohort.
Statistical Analysis
The main statistical feature of the NCI acrylonitrile worker cohort is the availability of time-varying exposure information. The Cox regression model [7] is a common statistical model for the epidemiological analysis of survival and mortality in cohort studies, and the extended Cox model accommodates time-varying exposures. The extended Cox model was also used in a re-analysis of the NCI acrylonitrile worker cohort [2] . We used age as the time-scale for our analyses, as it typically has the strongest relationship to cancer mortality. This controls for age as a risk factor by design, rather than by parametric modeling, and effectively rules out age as a potential confounder. All analyses were conducted using R software [8] . We fit the extended Cox regression model (R software function coxph), which included both time-independent factors such as sex, race, plant of employment, and date of birth, and time-dependent measures of acrylonitrile exposure over the entire time course of each individuals' lifetime, from their date of hiring until death or loss to follow-up, as well as univariate models including only an exposure variable. The inclusion of date of birth in these analyses controls for any potential birth cohort effect, providing some control for changing smoking habits across time (e.g. [9] ). We assessed proportionality by correlating the corresponding set of scaled Schoenfeld residuals with a suitable transformation of time (R software function cox.zph), although unlike the standard Cox regression model with time-independent covariates, the extended Cox regression model does not have a strong dependence on the assumption of proportionality [10, 11] . Exposure metrics considered were cumulative exposure, and the two ways of calculating average metric of exposure described above-average intensity and average exposure.
To investigate the impact of possible confounding on the model fit by smoking in the absence of data on smoking in the cohort, we followed the analytical method proposed in [12] . In this approach, the question whether an identified exposure relationship with lung cancer is confounded by unmeasured smoking, is evaluated by monitoring a disease (chronic obstructive pulmonary disease, COPD), which is known to be caused by smoking, but not thought to be related to the exposure (acrylonitrile).
RESULTS
There were 22,678 (89% of the original cohort) workers with at least 10 years of TSFE. Table 1 (middle column) presents demographic and exposure characteristics of these workers. These characteristics are generally similar to those of all workers, with the sub-cohort workers followed-up for slightly longer on average. In the sub-cohort of workers with TSFE of at least 10 years, 99.4% had known vital status, compared with 95.6% in the full cohort. However, it is still a fairly young cohort, with a median age at death/loss to follow-up of 49 years (mean age is 50.3 years) i.e. an age at which background lung cancer mortality is still low (before rapidly increasing in later years).
When we evaluated the proportionality assumption for the Cox proportional hazards model, it was rejected overall (p<0.02), and particularly for the sex covariate. Despite the fact that the extended Cox regression model does not have a strong dependence on the assumption of proportionality [10, 11] , we restricted the remaining analysis to white males only. When the cohort is restricted to white males ( Table 1 , right column) with at least 10 years of TSFE (n=145 deaths), the test for lack of proportionality was not significant (p=0.33). The sub-cohort of white males followed for at least 10 years were generally similar to the full cohort with TSFE of at least 10 year (all races and both genders), with regards to demographic and exposure characteristics. There was a slightly higher proportion exposed (74.5% vs 67.2%) in the sub-cohort, and cumulative and average exposures were also somewhat increased (5.35 vs 4.12 ppm-years and 0.61 vs 0.48 ppm, respectively).
The average exposure metric was significant in both univariate and multivariate models, which included covariates for plant of employment and birth year ( Table 2) . Cumulative and average intensity exposures were not significant in either univariate ( Table 2 ) or multivariate (results not shown) models. Generally similar results were obtained for white males with TSFE of at least 15 years (results not shown).
It is well known that smoking is a strong independent risk factor for lung cancer, but there is no evidence of a synergistic effect with acrylonitrile exposure. For analysis of confounding by smoking, following methodology by [12] , we modeled the potential effects of acrylonitrile exposure on the risk of COPD mortality. Since all deaths in the NCI acrylonitrile worker cohort were coded in 8 th revision of ICD [4] , the definition of COPD included the following ICD-8 codes: 491 ("chronic bronchitis"), 492("emphysema") and code 519.3 ("chronic obstructive lung disease without mention of asthma, bronchitis, or emphysema"); this last code was introduced in the United States and Canada during the time that the 8 th revision of the ICD codes was in use [13] . There were 35 COPD deaths among white males with at least 10 years of follow-up (3 deaths with the code "491", 12 deaths with the code "492", and 20 deaths with the code "519.3"). Using the average exposure metric, the Cox proportional hazards model with time-dependent exposures estimated a slope for COPD of -0.133 (p-value=0.50). Because, ICD-8 code "491" may not be specific for COPD, the analysis was repeated with only the COPD deaths coded "492" and "519.3" (32 total COPD deaths) and results were similar (slope -0.109, p-value=0.57). The fact that the coefficients for exposure in the COPD Cox models were negative is strong evidence against potential for positive confounding of the relationship between acrylonitrile exposure and lung cancer mortality; smoking is positively related to COPD risk and thus, if positive confounding is occurring, we would also expect the relationship between acrylonitrile exposure and COPD risk to be positive. However, because the coefficient for exposure is negative, it is possible that negative confounding is occurring, in which case the risk of lung cancer associated with acrylonitrile exposure would be understated.
DISCUSSION
Using lung cancer mortality analysis of the NCI acrylonitrile worker cohort [1] as an example, we illustrated that the calculation of an average exposure with length of the employment as the denominator providesa better fit than the average intensity with length of exposure as the denominator. It is also important to note that, for this cohort, previous analyses [1, 2] with cumulative exposure showed no dose-response relationship with lung cancer mortality; nevertheless, the average exposure, calculated by dividing cumulative exposure by the length of the employment, shows a significant dose-response. We also demonstrated that these results are not confounded by smoking and not sensitive to inclusion of additional covariates, such as plant of employment information.
Another key consideration here is latency; only those members of the cohort with sufficient latency for lung cancer should be included in analysis of lung cancer mortality. It is desirable that this cohort be updated, since at least 20 years of follow-up would be added since 1989, and we recommend that both methods of calculating average exposure be considered when the updated data are analyzed. It is likely that there would be a notable increase in new lung cancer cases with additional years of follow-up, as this relatively young cohort is entering peak lung cancer incidence age, but how that would impact relative fit of different exposure metrics cannot be determined from the available data.
It is not clear what biological considerations, if any, may explain the results observed here. A possible explanation may be that average exposure better approximates an internal metric of exposure compared to other exposure metrics (including cumulative exposure). Another relevant consideration is lingering effect [14] , and cumulative exposure that combines concentration and duration equally may ignore effect of lingering. Results observed here using the example of the large occupational cohort, need to be confirmed in analyses of other large cohorts, but in any case, a reasonable strategy would be to calculate average exposure both ways in analyses of epidemiologic cohorts with detailed enough exposure information. 
